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An investigation to standardize the protocol for in vitro application of colchicine for 
enhancing the doubled haploid production in wheat was done. Two tetraploid (PDW-314 
and A-9-30-1); and two hexaploid (DH-40  and C-306) wheat genotypes were used as mater-
nal parents, whereas, the pollen sources involved Zea mays (cv. Bajaura Makka) and 
Imperata cylindrica. During the rabi seasons of years 2013–14 and 2014–15, wheat × maize 
and wheat × I. cylindrica hybridization was carried out followed by treatment of their hap-
loids produced as a result of elimination of chromosomes of maize and I. cylindrica respec-
tively, with varied doses of colchicine for different durations The various doses of colchicine 
were categorized into two groups: lower doses for longer durations (0.01, 0.025, 0.05% each 
for 5, 7, 9, 11 hrs) and higher doses for shorter durations  (0.05, 0.075, 0.10, 0.15, 0.20, 
0.25% each for 5, 4, 3, 2 hrs). The response of different concentrations of colchicine applied 
for varied durations revealed significant differences for various doubled haploidy parameters 
viz., per cent survived plants, per cent doubled haploid formation and per cent doubled hap-
loid seed formation. In hexaploid and tetraploid wheats, colchicine doses of 0.075% for 4 hrs 
and 0.15% for 4 hrs, respectively were established as optimum for enhanced doubled haploid 
production.
Keywords: wheat × Imperata cylindrica, chromosome elimination, colchicine, in vitro, 
doubled haploids
Introduction
Doubled haploidy breeding with complete homozygosity in different crop species is the 
best alternative to conventional breeding approaches in respect of time, cost and popula-
tion size required to produce pure lines (Garcia-llamas et al. 2004). This breeding method 
may reduce the time to attain complete homozygosity and helps in the quick development 
of complete homogeneous and homozygous lines as compared to conventional approach-
es that may take up to 14 years to develop a single wheat cultivar (Baenziger et al. 2001). 
Additionally, this approach helps in easy identification of deleterious mutations which are 
usually in recessive state and remains unidentified in other approaches but in case of 
haploids that express in hemizygous state, plants can express both dominant and recessive 
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mutations. Doubled haploidy technology plays an important role in developing transgen-
ics with the desired traits (Patnaik and Khurana 2001; Foster et al. 2010; Chauhan and 
Khurana 2011).
During the last few years, chromosome elimination approach has proved to be the ef-
ficient system of doubled haploidy breeding as compared to other biotechnological tools 
like androgenesis mediated approach (Chu et al. 1973; Ouyang et al. 1973; Wang et al. 
1973). Chromosome elimination-mediated doubled haploidy breeding includes the vari-
ous approaches viz., bulbosum technique (Barclay 1975), wheat × maize system (Laurie 
and Bennett 1987, 1988) and the recently discovered wheat × Imperata cylindrica system 
which has emerged as the best choice for haploid induction in wheat (Chaudhary et al. 
2005, 2013a, 2013b; Chaudhary 2008, 2009, 2010a, 2010b; Kaila et al. 2012) as well as 
in durum wheat (Mahato and Chaudhary 2015). Despite immense importance and advan-
tages of doubled haploidy (DH) breeding, its extensive adoption in crop improvement 
programmes is lacking because of low frequency of production of doubled haploids due 
to high mortality rate of regenerated haploid plants after colchicine treatment. This limita-
tion necessitates and demands standardization of an appropriate dose and duration of 
colchicine application.
Colchicine application is a key step in the DH breeding programme for inducing chro-
mosome doubling in haploid plantlets, which affects the frequency of DH production to a 
great extent. Although workers across the world have made concerted efforts for in vitro 
application of colchicine to get desirable number of DHs, yet more focused approach is 
required to determine the dose of colchicine and the appropriate time interval for its ap-
plication after haploid regeneration so as to draw concrete inferences. No such endeavor 
has been done in the I. cylindrica-mediated chromosome elimination approach of dou-
bled haploidy breeding in hexaploid and tetraploid wheats for efficient recovery of dou-
bled haploids. Keeping in view the impact of this hurdle, various modifications/manipu-
lations in colchicine doses and durations were executed in the present investigation, 
which provided an opportunity to eliminate the constraint of lethality to some extent and 
enhance the efficiency of DHs production. 
Materials and Methods
Two wheat genotypes namely, DH-40 and C-306 representing spring wheat (Table S1*) 
and two durum wheat genotypes viz., A-9-30-1 and PDW-314 (Table S2) were utilized as 
female parents in hybridization programme whereas a composite variety of maize-Bajau-
ra Makka and I. cylindrica, a wild weedy perennial grass were taken as male parents. Five 
staggered sowings of parental material were done to coincide the flowering times of 
wheat genotypes with maize and I. cylindrica. Ample number of spikes from each wheat 
genotype were pollinated with each pollen source i.e. Bajaura Makka and I. cylindrica 
following haploid induction protocol of Laurie and Bennett (1986 and 1988) and Chaud-
hary et al. (2002 and 2005) at the Experimental Farm of the Department of Crop Improve-
*Further details about the Electronic Supplementary Material (ESM) can be found at the end of the article.
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ment, CSK HPKV, Palampur, Himachal Pradesh during rabi 2013–2014 and 2014–2015 
to obtain sufficient number of haploids.
A solution of 100 ppm 2, 4-D in bread wheat and 250 ppm in durum wheat was in-
jected in the uppermost internode of the wheat culms for three consecutive days at 24 hrs, 
48 hrs and 72 hrs after pollination. The injection holes were sealed by using petroleum 
jelly. After 18–20 days of pollination, the crossed spikes were harvested from the tiller 
base. The embryo carrying seeds were identified under a source of light (Bains et al. 
1998). The embryo was seen floating in the liquid endosperm as against the solid en-
dosperm found in selfed seeds. The embryo carrying pseudoseeds were washed thor-
oughly using Tween-20 under tap water to avoid any sort of contamination/infection. At 
the time of embryo rescue in Laminar Air Flow Chamber, surface sterilization of pseudo-
seeds was done using 0.1 per cent HgCl2 and 0.1 per cent bavistin each for 1–2 minutes 
followed by two washing with autoclaved distilled water. The embryos were then excised 
from sterilized pseudoseeds and transferred to the test tubes containing Murashige and 
Skoog (1962) medium supplemented with essential amino acids. The cultured tubes were 
shifted to 4 °C temperature to fulfill the need of cold treatment in dark for first 24 hours. 
Then for about 7–8 days up to the initiation of roots and shoots from cultured embryos 
they were incubated in the Plant Growth Chamber at 20 ± 2 °C in the dark. After regen-
eration, the tubes were transferred to the other division of the Chamber maintained at 
20 ± 2 °C with 10/14 hrs light/dark profile and 75 per cent relative humidity for further 
growth of plantlets. Potting mixture was prepared by mixing coco peat, vermiculite and 
perlite in the proportion of 3:1:1 v/v. The plantlets were then shifted to the soil less media 
in small pots (5 cm diameter) for proper rooting and shooting. Appropriate conditions 
viz., 20 ± 2 °C with 10/14 hrs light/dark profile and 75 per cent relative humidity were 
maintained for proper growth until maturity. After attaining 2–3 leaf stage haploid plant-
lets were subjected to colchicine for the doubling of chromosomes.
In the experiment of in vitro colchicine application, the haploid plantlets produced 
were treated with the different doses of colchicine for varied durations. The experiment 
was categorized into two groups: (a) Application of higher dose of colchicine for shorter 
duration, i.e. 0.05, 0.075, 0.10, 0.15, 0.20 and 0.25% each for 5, 4, 3, 2 hrs (Table S3a) (b) 
Application of lower dose of colchicine for longer duration, i.e. 0.01, 0.025, 0.05% each 
for 5, 7, 9, 11 hrs (Table S3b). Considering 0.05% colchicine dose for 5 hrs to be the 
standard, doses above 0.05% were taken as higher doses for the shorter durations i.e. 
below 5 hrs and below 0.05% were taken as lower doses for the longer durations i.e. 
above 5 hrs. For each treatment, three haploid plantlets were used as replications. Each 
dose of colchicine was supplemented with 1.5% dimethyl sulfoxide (DMSO) that act as 
osmoregulator. The roots of plantlets were trimmed and at about 20 °C, those plantlets 
were dipped into the colchicine solution. During the treatment, roots along with crown 
part should be dipped into the solution. After the treatment with various doses of colchi-
cine for different durations at 20 °C, the plants were removed from colchicine solution, 
rinsed in running tap water for 1 hr and planted into pots with potting mixture i.e. soil less 
media and kept in proper growth condition with 10 hrs day length regime at 75 per cent 
relative humidity and 20 ± 2 °C temperature till the proper development of plantlets. After 
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proper growth, the treated plants were transferred to potting mixture, prepared by mixing 
soil, sand and vermicompost in the definite proportion of 2:1:1 v/v and then kept in the 
greenhouse. Appropriate conditions viz., 20 ± 2 °C with 10/14 hrs light/dark profile and 
75 per cent relative humidity were maintained in the greenhouse for proper growth. Later 
the plants were transferred to natural conditions in experimental fields during rabi season 
of 2014–2015 for further observation of seed setting, if any. The whole experiment was 
repeated for the next following rabi season of 2014–2015 and the effective dose of col-
chicine and its duration was decided based on seed setting observed in the plants shifted 
to the field during rabi seasons of 2014–2015 and 2015–2016.
Data pertaining to per cent survived plants (total number of plants survived after col-
chicine treatment/total number of plants used for colchicine treatment), per cent DH for-
mation (number of survived plants carrying seeds/total number of plants survived after 
colchicine treatment), per cent seed formation (total number of seeds in fertile plants/ 
total number of florets in fertile spikes) were recorded in tetraploid and hexaploid wheats 
except for hexaploid wheat, DH-40, due to the poor performance of genotype with respect 
to various haploid induction parameters that resulted in non-availability of haploid plants. 
To test the significance of different concentration of colchicine in the hexaploid and tetra-
ploid wheat genotypes, simple t-test was performed. 
Results
Effect of higher doses of colchicine for shorter durations
Per cent survived plants 
During the first year 2013–2014, in hexaploid wheat, C-306, the results analyzed follow-
ing student’s t-test indicated that although plants survived with all the concentrations 
except 0.05% for 4 hrs  and 3 hrs, 0.10% for 4 hrs, 0.15% for 2 hrs and 0.20% for 2 hrs, 
the survival rate was found to be significantly positive only for concentrations of 0.075% 
for 2 hrs, 0.20% for 5 hrs and 0.25% for 4 hrs (Table 1). The data was analyzed for each 
dose of colchicine over all the durations i.e. over the time period to determine which dura-
tion is effective among all the durations for a particular colchicine dose. In durum wheat, 
PDW-314, colchicine concentration of 0.05% for 5 hrs, 0.075% for 4 hrs and 0.25% for 
5 hrs and in A-9-30-1, 0.15% for 4 hrs and 0.20% for 2 hrs exhibited significantly positive 
effect over the time period on per cent survived plants (Table 1).
In the 2nd year of experiment, in C-306, the survival rate was found to be significantly 
positive for concentration of 0.05% for 2 hrs, 0.075% for 2 hrs and 0.20% for 5 hrs over 
the time period (Table 2). In durum wheat, PDW-314, colchicine concentration of 0.075% 
for 4 and 3 hrs, 0.15% for 3 hrs, 0.20% for 5 hrs  and 0.25% for 5 hrs and in A-9-30-1, 
0.05% for 4 hrs, 0.75% for 5 hrs and 3 hrs, 0.15% for 5 and 4 hrs, 0.20% for 3 hrs and 
0.25% for 5 hrs exhibited significant positive effect over the time period on per cent sur-
vived plants (Table 2). 
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With respect to the response of genotype, PDW-314 was found to be better in the per 
cent survived plants as compared to A-9-30-1 that was sensitive to the application of 
colchicine as mortality was observed at maximum concentration.
Per cent doubled haploid (DH) formation
During rabi season of 2013–14, in hexaploid bread wheat, C-306, the colchicine concen-
tration of 0.075% for 4 hrs and 2 hrs, 0.20% for 5 hrs and 0.25% for 3 hrs exhibited sig-
nificant positive effect over the time period on per cent doubled haploid formation as per 
the results analyzed following student’s t-test (Table 1). In tetraploid wheat, PDW-314, 
the colchicine concentration of 0.075% for 2 hrs, 0.15% for 4 hrs and 0.20% for 3 hrs and 
in A-9-30-1, 0.15% for 4 hrs and 0.20% for 2 hrs revealed significant positive effect over 
the time period on per cent doubled haploid formation (Table 1).
In the second year of experiment, the colchicine concentration of 0.075% for 3 hrs, 
0.10% for 4 hrs, 0.15% for 5 hrs, 0.20% for 4 and 5 hrs and 0.25% for 3 hrs was found to 
be significantly positive over the time on per cent doubled haploid formation in C-306 
(Table 2). In PDW-314, concentration of 0.075% for 3 hrs, 0.15% for 4 and 5 hrs,`0.20% 
for 2 and 3 hrs and in A-9-30-1, 0.15% for 4 hrs, 0.25% for 5 hrs, 0.20% for 3 hrs exhib-
ited significant positive effect over the time period on per cent doubled haploid formation 
(Table 2).
Per cent doubled haploid (DH) seed formation
In the first year of experiment, the analysis of data following student’s t-test in C-306 
revealed that colchicine concentration of 0.075% for 4 hrs, 3 hrs and 2 hrs and 0.20% for 
5 hrs exhibited significant positive effect on per cent doubled haploid seed formation 
(Table 1). In PDW-314, analysis of data following student’s t-test indicated that colchi-
cine concentration of 0.075% for 2 hrs and 0.15% for 4 hrs and 3 hrs and in A-9-30-1, 
0.15% for 4 hrs and 0.20% for 2 hrs revealed significant positive effect over the time 
period on per cent doubled haploid seed formation (Table 1). 
In the second year of experiment, in C-306, colchicine concentration of 0.075% for 3 
and 4 hrs, 0.15% for 5 hrs, 0.20% for 5 hrs and 0.25% for 3 hrs was found to be signifi-
cantly positive over the time period on per cent doubled haploid seed formation (Table 2). 
In PDW-314, 0.075% for 4 hrs, 0.15% for 4 and 5 hrs, 0.20% for 2 and 3 hrs and in A-9-
30-1, 0.15% for 4 hrs, 0.25% for 5 hrs and 0.20% for 3 hrs exhibited significant positive 
effect over the time period on per cent doubled haploid seed formation (Table 2). 
Effect of lower doses of colchicine for longer durations
Per cent survived plants
In C-306 and PDW-314, the analysis of data following student’s t-test revealed that dur-
ing rabi season of 2013–2014, no colchicine concentration was significantly positive 
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over the time on per cent survived plants (Table S4). No plant survived in A-9-30-1 indi-
cating the ineffectiveness of lower doses of colchicine for doubled haploid formation in 
A-9-30-1 (Table S4).
Similar results were found in both bread and durum wheat during rabi 2014–2015 
(Table S4).
Per cent doubled haploid (DH) formation
In the first year of experiment, the analysis of data following the student’s t-test in C-306 
indicated that no concentration of colchicine showed a significant positive effect on per 
cent doubled haploid formation (Table S4). In durum wheat, i.e. PDW-314, no doubled 
haploid formation was found indicating the inefficiency of lower doses of colchicine and 
in A-9-30-1, as no plant was survived, no DH was formed (Table S4).
In the second year of experiment, no doubled haploid was formed in both bread and 
durum wheat (Table S4).
Per cent doubled haploid (DH) seed formation
In 2013–2014, the effect of colchicine on per cent doubled haploid seed formation in 
C-306 was analyzed following the student’s t-test and it was observed that no concentra-
tion of colchicine exhibited a significant positive effect (Table S4). For durum wheat, no 
doubled haploid seed was formed (Table S4).
During the second year of experiment, no seeds were obtained as no doubled haploid 
was formed in both bread and durum wheat (Table S4).
Identification of ideal dose and time for in vitro application of colchicine
The ideal dose and time of application of colchicine was determined on the basis of seed 
setting in the survived plants, mortality and number of doubled haploid seeds formed in 
the plants after the colchicine application during rabi seasons of 2013–2014 and 2014–
2015. The results of seed setting indicated that in hexaploid wheat, during both the years 
of experiment, colchicine concentration of 0.075% for 4 hrs followed by 0.15% for 4 hrs 
and 0.20% for 5 hrs were the most effective for doubling of the chromosomes (Tables 1 
and 2). In tetraploid wheat (PDW-314) colchicine concentration of 0.15% for 4 hrs fol-
lowed by 0.075% for 2 hrs and 0.20% for 3 hrs were found to be most effective during the 
first year of experiment as compared to other doses (Table 1). In the year 2014–2015, 
colchicine concentration of 0.20% for 2 hrs followed by 15% for 4 hrs and 0.075% for 
4 hrs were found to be the most effective (Table 2). Due to high mortality rate at concen-
tration 0.20% (Table 2), 0.15% for 4 hrs can be recommended as ideal dose in PDW-314. 
In A-9-30-1, colchicine concentration of 0.20% for 2 hrs was found to be the most effec-
tive followed by 0.15% for 4 hrs during both the years of experiment (Tables 1 and 2). 
The colchicine concentration of 0.15% for 4 hrs can be recommended as ideal dose in 
A-9-30-1 due to mortality rate at concentration 0.20% (Tables 1 and 2). Therefore, this 
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study found colchicine concentration of 0.075% for 4 hrs in bread wheat and 0.15% for 4 
hrs in durum wheat to be effective, efficient and economically viable doses for doubling 
of chromosomes.
Discussion
Wide hybridization is the most commonly used conventional approach in crop improve-
ment for intervarietal or interspecific hybridization and it takes 6 to 7 years to achieve 
homozygosity. The DH breeding is an alternative to the conventional breeding approach-
es that has accelerated the crop improvement programmes by the achievement of absolute 
homozygosity in just 2 years (Baenziger et al. 2001; Garcia-llamas et al. 2004). The pre-
sent study was executed with the goal to standardize the protocol for in vitro application 
of colchicine to haploid regenerants for efficient recovery of doubled haploids. In hexa-
ploid wheat, DH-40, sufficient numbers of haploid plants were not formed for colchicine 
treatment and was found to be sensitive for various haploid induction parameters.
The hexaploid wheat, C-306 and tetraploid wheat, PDW-314, showed high survival 
rate at most of the colchicine concentration whereas, low survival rate of A-9-30-1 indi-
cated the sensitivity of genotype to the application of colchicine. The per cent DH forma-
tion and the per cent DH seed formation was found to be higher at 0.075% for 4 hrs fol-
lowed by 0.15% for 4 hrs and 0.20% for 5 hrs in hexaploid wheat. In tetraploid wheat, 
colchicine doses of 0.20% for 2 hrs and 0.15% for 4 hrs in both PDW-314 and A-9-30-1 
followed by 0.075% for 2 hrs and 4 hrs and 0.20% for 3 hrs in PDW-314 were found to 
be effective. Therefore, colchicine concentration of 0.075% for 4 hrs in bread wheat and 
0.15% for 4 hrs in durum wheat can be recommended as effective, efficient and eco-
nomically viable dose for doubling of chromosomes due to high mortality rate at higher 
concentrations. The results agree with the study conducted by Hua et al. (2005) which 
revealed that a colchicine concentration of 750 mg/litre (0.075%) to haploid seedlings 
obtained through wheat (Triticum aestivum) × maize (Zea mays) was optimum. For du-
rum wheat results are in concordance with Jauhar (2003) who proposed treatment of cy-
tologically confirmed haploid plantlets (at the 2- or 3-leaf stage) with a 0.2% aqueous 
solution of colchicine. Higher doses of colchicine were found to be more effective as 
compared to the lower doses. The present findings with respect to ineffectiveness of low-
er doses below 0.05% are in concordance with existing reports which have not found 
chromosome doubling at lower doses, i.e. below 0.05%. DH seed formations was ob-
served at higher dose of 0.20% but due to higher mortality rate at this dose, the doses 
lower than this can be interpreted as the effective and economical viable for the doubling 
of chromosomes.
Therefore, the dose of colchicine for in vitro application recommended through the 
present experiment can enhance the efficiency of doubled haploid formation in hexaploid 
and tetraploid wheat and thus, result in accelerating the crop improvement programme 
through doubled haploidy breeding approach.
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